INTRODUCTION
Skeletal muscles are the organ of movement. Their actions are essential not only for maintaining muscle mass and function but also for the health of other systems of the body such as that of the skeletal (i.e. bones, tendons and ligaments) and cardiovascular systems.
The health of skeletal muscle and its ability to regenerate and grow in adults is dependent on a special population of myogenic stem cells known as satellite cells. Mauro (1) was the first to identify these cells, and he named them satellite cells because they were located exclusively at the periphery of skeletal muscle fibers (cells). When activated, satellite cells proliferate and differentiate into myoblasts that fuse with the existing muscle fiber, increasing the population of myonuclei and, as a consequence, the transcriptional machinery of that cell (2) . The importance of satellite cells in maintaining the health of skeletal muscle can be exemplified by their central role in the regeneration of skeletal muscle after injury induced by trauma, genetic defects or eccentric contractions, the growth of skeletal muscle during development and in response to resistance training, the recovery of muscle mass after atrophy, and maintaining muscle mass during aging (2) (3) (4) (5) .
Skeletal muscles and satellite cells are commonly exposed to significant doses of radiation during diagnostic procedures and/or during the radiotherapeutic management of cancer. Skeletal muscles and satellite cells are also irradiated during the treatment of heterotopic bone growth, which can occur in patients receiving joint replacements (,200 ,000/year) and in individuals who suffer traumatic injuries (e.g., soldiers injured due to explosive devices) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The treatment of various disorders (e.g., breast/bone cancer, trauma) often results in extensive muscle disuse and atrophy (15) (16) (17) (18) (19) (20) (21) . The recovery of muscle mass appears to be dependent on the proliferation and differentiation of satellite cells. Herein lies a potentially significant clinical problem: the use of ionizing radiation in the management of certain cancers and heterotopic bone growth has the potential to damage satellite cells and, as a result, the health of skeletal muscle and that of the whole body.
Given the importance of satellite cells in maintaining the health of skeletal muscle, it is somewhat surprising that the effects of c radiation on satellite cells have been poorly studied. Thus we performed a series of studies designed to test the hypothesis that clinically relevant doses of c radiation negatively affect satellite cell proliferation. We examined satellite cell proliferation, cell cycle regulation, apoptotic and non-apoptotic modes of cell death, the presence of double-strand breaks (DSBs), oxidative stress and NO production. This collective set of analyses suggests that radiation damages satellite cells not only by direct means (i.e., cell killing) but also by indirect means that promote an oxidative microenvironment that further inhibits the growth and maturation of myogenic precursor cells, possibly via a pathway involving nitric oxide (NO).
METHODS AND MATERIALS

Isolation of Satellite Cells and Tissue Culture
Satellite cells were derived from female Sprague-Dawley rats (weight 250-300 g; from Taconic) using procedures similar to those described elsewhere (22) (23) (24) . Muscle groups from the upper hind limb were excised, trimmed of fat and connective tissue, minced with scissors, and digested with 1.25 mg/ml protease type XIV (Sigma, St. Louis, MO) for 1 h at 37uC. Cells were separated from muscle fiber fragments and tissue debris by differential centrifugation and plated on Corning plastic flasks coated with Matrigel in a 1:100 dilution with PBS-minus. Cells were grown in the presence of F10 nutrient mixture (base medium, Gibco), containing 20% fetal bovine serum (Gibco), 13 penicillin/streptomycin (Gibco), and 40 mg/ml of G418 (Sigma). All cultures were grown on tissue culture treated plasticware. To demonstrate that the cells were multipotent, they were plated onto matrigel-coated chambered slides and maintained for 3 days. After 3 days, adherent cells were fixed and immunofluorescence was used to determine their phenotypic characteristics. The cell-specific antibodies used included MyoD (putative marker of satellite cell proliferation; Santa Cruz satellite cell-760), Pax 7 (Developmental Studies Hybridoma Bank), and myogenin (putative marker of differentiation; Santa Cruz satellite cell-576). When satellite cells are activated, they quickly express MyoD (25) (26) (27) , whereas the expression of myogenin is thought to represent the initiation of myogenic differentiation (25, (27) (28) (29) . Approval for animal experiments was obtained from our Institutional Review Board before the experiments were conducted.
Measurement of Apoptosis
Poly(ADP-ribose)polymerase (PARP) cleavage and annexin V assays were used to assess apoptosis. For the PARP analyses, cells were fixed in 4% paraformaldehyde and labeled with a preconjugated labeled antibody. Annexin V labeling was performed by harvesting cells, rinsing them in PBS, and then incubating the cells for 20 min at ambient temperature in limiting volumes (,0.2-0.5 ml) of binding buffer (BD Biosciences) containing FITC-conjugated annexin V. Cell suspensions were brought to 0.5 3 10 6 cells/ml in PBS and were immediately subjected to FACS analysis. Apoptosis assays were performed in triplicate and derived from independently irradiated cultures of cells. FACS data were also analyzed using the ModFit LT program to estimate the percentage of apoptotic cells from cell cycle histograms.
Cell Cycle Analysis
Exponentially growing cultures of satellite cells were either shamirradiated or exposed to 5 Gy and at various times after irradiation (6, 12, 18, 24 and 48 h) were fixed in 70% ethanol and stored at 220uC. On the day of assay, samples were resuspended for 30 min at ambient temperature in isotonic phosphate-buffered saline (PBS) supplemented with RNase (50 U/ml) and propidium iodide (PI, 10 mg/ ml). Then cells were assayed for DNA content by FACS analysis of PI fluorescence. Raw data were gated to eliminate debris and doublets and to calculate the distribution of cells throughout the cell cycle. A minimum of 10,000 cells were analyzed at each time using ModFit LT analysis software (Verity Software House, Topsham, ME). Reverse x 2 values were routinely under 5, indicating that the cell cycle data were within the parameters of the ModFit algorithm.
c-H2AX Labeling of Cells
Immunofluorescence was performed to determine the nuclear distribution of c-H2AX-positive foci in individual cells. Cells were grown on chambered slides for 1 day prior to c irradiation, treated, fixed in 4% paraformaldehyde, permeabilized in a 0.2% solution of Triton X-100 in PBS, and blocked in 10% FBS/1% BSA for 1 h using a 1:1000 dilution of the fluorescein isothiocyanate (FITC)-labeled mouse monoclonal antibody against c-H2AX (Millipore, CA). After overnight incubation at 4uC, slides were counterstained with 49,6-diamidino-2-phenylindole (DAPI) in MP Prolong GOLD antifade (Invitrogen-Molecular Probes, Carlsbad, CA). Five hundred cells from each treatment were scored blind for the presence or absence of c-H2AX nuclear foci visible against a DAPI counterstain.
Measurement of Reactive Oxygen and Nitrogen Species (ROS/RNS)
The detection of intracellular ROS (peroxides, hydroxyl radicals, superoxide) and RNS (peroxynitrite) was based on the ability of live cells to oxidize fluorogenic dyes to their corresponding fluorescent analog. Exponentially growing cultures were treated for 1 h at 37uC with two ROS sensitive dyes: 5-(and 6)-chloromethyl-29,79-dichlorodihydrofluorescein diacetate (5 mM, CM-H 2 DCFDA, Molecular Probes, Eugene OR) and 0.5 mM MitoSOX (Invitrogen, Carlsbad, CA), then immediately harvested and subjected to FACS analysis. For each postirradiation time, measurements of ROS/RNS in irradiated and sham-irradiated control cultures were performed in parallel. All measurements were performed in triplicate and were derived from independently irradiated cell cultures.
Measurement of Nitric Oxide (NO)
The detection of intracellular NO was based on the ability of cells to oxidize the NO-sensitive fluorogenic dye 4-amino-5-methylamino-29,79-difluorofluorescein diacetate (DAF, Molecular Probes, Eugene, OR). At selected times postirradiation, exponentially growing cultures were treated for 1 h at 37uC with 5 mM of the dye, then harvested and subjected to FACS analysis. For each postirradiation time, measurements of NO in irradiated and sham-irradiated control cultures were performed in parallel. All measurements were performed in duplicate and were derived from independently irradiated cell cultures.
Data Analysis and Statistics
Significance of differences between data sets obtained by FACS analysis was determined by the Kolmogorov-Smirnov test (K-S test) provided with the Cell Quest TM software. Fluorescence values derived from FACS data are presented as relative fluorescence units (RFU). For all other data sets, means were calculated and assessed for significance (P # 0.05) by analysis of variance (ANOVA).
RESULTS
Satellite Cell Proliferation and Viability
As shown in Fig. 1 , we used the developmental marker MyoD to demonstrate that satellite cells were RADIOSENSITIVITY OF SATELLITE CELLS 583 in a proliferative phase at the time of analysis. To gauge the relative sensitivity of satellite cells to ionizing radiation, cells were irradiated and analyzed by cell counting and by an XTT assay performed 3 days later. The effects of c radiation on satellite cell proliferation and metabolic viability (i.e. XTT assay) are shown in Fig. 2 . Satellite cell proliferation was significantly reduced at all doses examined (P , 0.01), reaching a relative maximum (,70% reduction) at doses over 5 Gy. The results of the XTT assay mirrored those seen for proliferation.
Radiation Induced Cell Cycle Checkpoints in Satellite Cells
To ascertain whether exposure to radiation led to the inhibition of satellite cell cycle progression, cells were given 5 Gy and assessed for DNA content using standard FACS methodologies. At 6 h after irradiation (Fig. 3) , satellite cells showed a marked increase (2.5-fold) in cells at the G 2 /M border; the fraction of cells with a 4n diploid complement of DNA remained high over the course of the experiment (48 h; see Fig. 3 ). There was a steady decline in S-phase cells over the first 18 h after irradiation. The fraction of S-phase cells did not recover during the subsequent 30 h (see Fig. 3 ). As satellite cells gradually escaped the initial block at G 2 /M, they traversed into the block at G 1 /S by 12 h where they accumulated at ,1.3-fold higher levels. Collectively, these data show that a dose of 5 Gy produces the same pattern of cell cycle inhibition and arrest that has been observed for many other types of cells subjected to similar levels of irradiation.
Kinetics of c-H2AX
The formation and disappearance of DSBs after 5 Gy c irradiation was tracked using the phosphorylation of H2AX. As shown in Fig. 4A and C, radiation produced a rapid and large increase in the proportion of c-H2AX-positive cells. For example, approximately 90% of the satellite cells contained c-H2AX-positive foci 20 min after irradiation (Fig. 4) . The level of c-H2AX-positive foci remained elevated for approximately 2 h, after which there was a rapid reduction in the relative proportion of DSBs as reflected by the disappearance of c-H2AX-positive foci, approaching baseline values 6 h after irradiation (see Fig. 4B and C) . 
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Apoptosis of Irradiated Satellite Cells
To determine whether irradiated satellite cells undergo apoptosis, PARP cleavage and annexin V assays were performed. Both end points gave qualitatively similar data (Fig. 5) , and over the selected time course, apoptosis was generally increased and was dependent on dose. At 48 h, apoptosis was elevated by ,1.3-1.7-fold over controls.
Elevation of Oxidative Stress in Irradiated Satellite Cells
As part of our working hypothesis, we postulate that oxidative stress induced by c radiation negatively affects the ability of satellite cells to proliferate or differentiate. As shown in Fig. 7A and B, we observed that ROS/RNS levels increase after irradiation as detected by elevations in both CM-H 2 DCFDA-and MitoSOX-derived fluorescent signals. There was a substantial decrease in CM-H 2 DCFDA levels at 6 h; however, this was followed by significant increases at each of the later times (Fig. 6A) . MitoSOX levels gradually increased after irradiation such that they were elevated by ,80% at 72 h (Fig. 6B) . The oxidative changes reported here are not likely due to marked differences in dye uptake and efflux across the cells, because redox-insensitive fluorescent dye analogs did not show any dose-dependent changes (data not shown).
c Radiation Reduces NO Production in Satellite Cells
Allen and colleagues (22) (23) (24) (30) (31) (32) (33) (34) (35) showed that NO plays a central role in promoting satellite cell proliferation. This led us to examine the effects of c radiation on NO levels in satellite cells. Satellite cells were irradiated with 1 and 5 Gy. As shown in Fig. 7 , both doses of radiation produced a rapid and progressive reduction in NO to 49 (1 Gy) and 47% (5 Gy) 48 h after irradiation.
Satellite Cell Proliferation can be Rescued Using a NO Donor
We also examined whether a NO donor (Sulindac) could rescue proliferation of irradiated satellite cells. Satellite cells were irradiated with 5 Gy, treated with Sulindac for 48 h, and then counted. As shown in Fig. 8 , we observed a significant (P # 0.02) dose-response effect, with 1 mM Sulindac producing ,15% increase in satellite cell counts. 
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DISCUSSION
Skeletal muscle is thought to be highly radioresistant; however, this perspective deserves further consideration given that myogenic precursor cells (e.g., satellite cells) play a fundamental role in regulating the growth and health of skeletal muscle. Cells undergoing irradiation are susceptible not only to radiation-induced ionizations and resultant cellular damage but also to protracted free radical damage resulting from perturbations to redox homeostasis, proliferating cells are more susceptible to the harmful effects of radiation than quiescent cells, and few studies (if any) have examined the effects of clinically relevant doses of c radiation on myogenic precursor cells.
Given these considerations, the findings of this study provide a unique series of baseline measurements that are important from a number of standpoints. First, to our knowledge, this is the only study to date to examine the effects of clinically relevant doses of c radiation on key markers of satellite cell proliferation and viability. Second, we observed that clinically relevant doses of c radiation produce significant elevations in oxidative stress, which may impair satellite cell proliferation. Finally, a very novel finding of this study is that c radiation markedly reduces NO levels in satellite cells. This is an important observation because it has been reported that satellite cell proliferation is dependent on a NO-mediated pathway (23, 35) . Each of these key observations may be critical to explain muscle wasting in patients subjected to clinical irradiation. While the causal role of radiation in precipitating clinical complications of irradiated muscles is uncertain at present, our studies provide an important backdrop for the points discussed below.
Effects of c Radiation on Satellite Cell Proliferation and Viability
As noted above, very little is known about the effects of clinically relevant doses of c radiation on satellite cell proliferation and differentiation. Thus a major focus of the current study was on issues related to proliferation. We observed that doses of 2 and 5 Gy reduced satellite cell proliferation by approximately 50 and 70%, respectively. The reduction in satellite cell proliferation was associated with several key phenomena: an elevation in apoptosis as seen in dose-dependent increases in PARP and annexin V and persistent cell cycle arrest at both the G 1 /S and G 2 /M checkpoints. As shown in Fig. 4 , satellite cells demonstrate a rapid repair of DSBs that is virtually complete 6 h after 5 Gy c irradiation. The rapid disappearance of focus-positive satellite cells suggests that they possess no intrinsic defect(s) in the repair of these cytotoxic lesions. Radiation also activat- (Fig. 4) . By 48 h, apoptosis was high, likely reflecting the inability of cells to circumvent checkpoint controls.
Cell viability as measured using the XTT assay mirrored that of the cell counts, and we interpret these data to indicate that the metabolic capacity of the surviving cells was unchanged from that of control cells; this appears to be true across a broad range of doses of c radiation (1-10 Gy). From a redox perspective, the XTT data are interesting because they suggest that the surviving cells and their mitochondria have the potential to contribute significantly to chronically elevated oxidative stress, thereby negatively affecting satellite cell proliferation and differentiation (see below).
c Radiation Produces Early and Persistent Oxidative Stress in Satellite Cells
The cellular redox state controls a wide variety of key processes regulated by an intricate balance between proand antioxidant forces in the cell. Our findings are the first to characterize the changes in oxidative stress imposed on satellite cells by c radiation. Specifically, we observed that c radiation produced dose-dependent increases in ROS/RNS levels that persisted for several days postirradiation. These observations are consistent with the working hypothesis that c radiation might inhibit satellite cell proliferation via elevated oxidative stress.
Although few studies have examined the effects of altered redox state on satellite cell proliferation and differentiation, Chakravarthy et al. A more direct approach was taken by Lee et al. (38) , who manipulated the oxidative stress of satellite cells by creating glutathione peroxidase 1 (GPX1) null satellite cells and observed that proliferation was significantly reduced. The reduction in satellite cell proliferation induced via the GPX1 null condition was associated with significant elevations in the expression of key myogenic bHLH transcription factors (i.e., MyoD and myogenin) by about five-to ninefold (38) . Furthermore, Lee et al. (38) observed that differentiation was dramatically reduced in the GPX1 null cells when exposed to high levels of O 2 , finding that only ,20% of the GPX1 null satellite cells were incorporated into myotubes as compared to ,80-90% of wild-type satellite cells. Collectively, these findings provide important data supporting our working hypothesis that oxidative stress induced by c radiation can negatively affect satellite cell proliferation and differentiation.
Satellite Cell NO Levels are Reduced by c Radiation
Radiation has the potential to reduce satellite cell proliferation by lowering NO levels via a coupled reaction whereby increases in the superoxide anion (O 2
N2
) act to quench NO levels by reacting to form peroxynitrite (39, 40) . To date, however, no studies have examined the effects of c radiation on NO levels in satellite cells. We observed that c radiation produced a progressive reduction in NO levels (see Fig. 7 ). Allen and colleagues provided extensive data supporting the concept that NO plays a central role in mediating satellite cell proliferation via a NO/MMP2/HGF/c-met pathway (22) (23) (24) (30) (31) (32) (33) (34) (35) . Specifically, they reported that satellite cell proliferation could be inhibited using a nitric oxide synthase (NOS) inhibitor, NG-nitro-largininemethylester (L-NAME), and increased using NO donors like sodium nitroprusside (SNP). More recent findings by Allen and his colleagues (41, 42) provide definitive evidence that MMP2 mediates the stretch-dependent activation of satellite cells in a nitric oxide-dependent manner. In contrasting the effects of 1 and 5 Gy on satellite cell proliferation and NO levels, one might challenge the importance of NO in regulating the response of satellite cells to radiation. We point out that there is no reason a priori to expect that the dose response for cell killing and/or proliferation would be coincident with radiation-induced changes in NO levels. While the reduction in satellite cell proliferation is due to FIG. 8 . Effects of NO donor on cell counts in irradiated satellite cells. Satellite cells were exposed to 5 Gy and then treated with Sulindac for 48 h. Data were analyzed using a one-way ANOVA, resulting in an F ratio of 6.9 (P 5 0.013). Dashed horizontal line is reference line for control condition. Data are means ± SE of triplicate measurements.
RADIOSENSITIVITY OF SATELLITE CELLS the cell killing and cell cycle perturbation, the finding that radiation-induced reductions in NO levels occur at low doses (,5 Gy) suggests the existence of a unique radioresponsive pathway involving NO. The fact that NO levels do not track the drop in cell numbers (Fig. 2) suggests that the radiation-induced inhibition of NO may reach a threshold at lower doses. A preponderance of data suggest that cell killing does not show such a dose threshold. Furthermore, we have observed that a NO donor can rescue satellite cell proliferation at doses of c radiation up to 5 Gy (Fig. 8) and that mechanical stretch of irradiated (5 Gy) satellite cells can completely rescue satellite cell proliferation (data not shown). The stretch activation of satellite cell proliferation is known to act via elevations in NO levels. Given this background, our collective data raise the intriguing possibility that the reduction in satellite cell proliferation may in part be mechanistically linked to a radiation-induced reduction in NO levels.
Summary
There are over 600 muscles in the human body, and skeletal muscles comprise approximately 40% of the body's mass. Due to the ubiquitous nature of skeletal muscle, it is difficult to irradiate a clinically involved structure without also irradiating skeletal muscle. Thus it is somewhat surprising that the effects of radiation on satellite cells are not better understood. Our findings demonstrate that clinically relevant doses of c radiation are capable of impairing satellite cell proliferation and inducing significant oxidative stress. Further work is required to understand mechanism(s) underlying the role of elevated oxidative stress and the accompanying reductions in NO levels, especially as they apply to those processes influencing the proliferation and differentiation of satellite cells.
